Corrosion of steel bars in concrete structures is initiated as a result of concrete carbonation and/or 9 chloride intrusion, and influenced by their interaction. This paper presents an experimental investigation into the 10 effect of chloride ions on carbonation of cement paste by means of X-ray CT techniques and mercury intrusion 11 porosimetry(MIP), which is benchmarked by the conventional phenolphthalein method. A group of the cement 12 paste cylinders with different amounts of chlorides ions were manufactured and cured before they were subjected 13 to an accelerated carbonation process in a conditional cabinet regime for different ages. The carbonation front of 14 the cement paste was first evaluated using phenolphthalein method. This was followed by an investigation of 15 microstructure evolution of the cement paste using XCT and MIP techniques. The experimental results show that 16 the carbonation of a cement paste increases with its water to cement ratio and with carbonation ages, but decrease 17 with its amount of chloride ions. In particular, it has been found that increases of chloride ion of a cement paste 18 refine its porous structures, decrease its porosity and eventually mitigate its carbonation rate. The relevant results 19 can be referred to for durability design and prediction of reinforced concrete structures. 20
Introduction

23
Steel corrosion is one of the principal reasons for the deterioration and durability failure of concrete structures. It 24 reduces the effective area of a steel bar in concrete irregularly and decreases its strength and ductility significantly. 25
It causes the cracking of concrete cover due to expansion of corrosion products and hence decreases the stiffness 26 of a structure. It also deteriorates the bond between a corroding bar and its surrounding concrete and therefore 27 alters the behavior of a structure. As a result, the bearing capacity and safety margin of a structure with corroding 28 steel bars decreases substantially. Its anticipated ductile failure mode may be changed into a brittle one without an 29 obvious warning [1] [2] [3] . 30
It is well known that steel corrosion is initiated as a result of concrete carbonation and chloride migration [4] [5] [6] [7] [8] [9] [10] . 31
Ove the past decades, a significant number of researches have been done on the properties of concrete that is 32 affected either by concrete carbonation or chloride diffusion, respectively [11] [12] [13] . Actually, however, most of 33 reinforced concrete structures may suffer from concrete carbonation and chloride intrusion simultaneously with a 34 with 0.3% chloride ions is 7.0mm, which is reduced to 5.9 mm for the cement cylinder with 1.0% chloride ions. 112
Carbonation results by X-CT testing 113
The carbonation depths measured using the above phenolphthalein is valuable. However, they are only for the 114 individual destructed section of a cement cylinder, and cannot easily be used to show the overall profile of 115 carbonation of the nondestructive cylinder. In order to more visually observe the carbonation process of specimen, 116 a three-dimensional reconstruction of the tested cylinder and the gray value gradation of each section were 117 obtained by X-CT analytical technique. 118 Fig.2 and Fig.3 show the three-dimensional reconstruction images and the gray value gradation of the cement 119 cylinders with the chloride ions of 0.3%, 0.6% and 1.0%, the carbonation ages of 0, 7 and 21 days and the water to 120 cement ratios of 0.3 and 0.5, respectively. 121
It is obvious that either an increase of carbonation ages from 0 to 21 days or a decrease of chloride ions from 1.0% 122 to 0.3% does decrease the diameter and volume of the remaining un-carbonated cement paste, and therefore 123 increases the carbonation depth of cement cylinder. In addition, a comparison of the images between Fig. 2 and 124 Fig. 3 indicates that an increase of water to cement ratio from 0.3 to 0.5 also decreases the diameter and volume of 125 the remaining un-carbonated cement paste, and therefore decreases the carbonation depth of cement cylinder. 126
These observations from X-CT results are clearly consistent with the previous discussions based on the 127 phenolphthalein results in Table 1 . 128
In particular, both Fig 2 and Fig 3 show that the diameters and volumes of the remaining un-carbonated cement 129 paste of lower part of each cylinder specimen is greater than those of upper part of the cylinder. In other words, for 130 the same cement cylinder under the same carbonation regime, the carbonation depth of its upper cement paste is 131 larger than those of its lower part, which is attributed to the fact that, during the manufacturing of cylinder 132 of the upper cement is a little bit higher than that of lower cement of the same cement cylinder due to gravity 134 stratification. It is clear that the late observation cannot be easily made using the phenolphthalein method. 135
In addition to the above qualitative observation, the X-CT techniques also creates the quantitative results in the 136 term of gray values, as shown in Fig 4 and Fig 5 for the specimen with water to cement ratio of 0.5, the chloride 137 ions of 0.3% and 1.0%, and the carbonation ages of 0, 7 and 21 days, respectively. Here, the gray values represent 138 absorption rates and attenuation coefficients at the corresponding object position. The gray values are proportional 139 to the X-ray attenuation coefficient that is strongly correlated with the density of the specimens. 140 Fig.4 shows that, before carbonation with 0 day of carbonation age, the gray value is about 380 at its peak amount 141 of volume elements, which decreases to about 350 for the carbonated cement cylinders. In addition, the amounts 142 of peak volume elements of the cement cylinders with 0.3% chloride ions decrease steadily from 1100 to 600 as 143 carbonation age increases from 0 to 21 days. For the non-carbonated cement cylinders, an increase of chloride 144 ions from 0.3% to 1.0% decreases the amounts of peak volume elements from 1100 to 900. However, for the 145 carbonated cement cylinder, the effect of chloride ions on the amount of peak volume elements become less 146 significant with the similar values of about 900 for 7 days carnation. This indicates that as carbonation progresses, 147 the density of carbonated products increases and the amounts of peak volume elements corresponding gray values 148 of carbonated products becomes less than those of the non-carbonated parts. 149 
Effects of chloride ions on porous characteristics of non-carbonated cement
159
By means of mercury intrusion porosimetry (MIP) techniques, the effect of chloride ions on the porous size 160 distribution and accumulated porosity of the non-carbonated cement paste with water to cement ratios of 0.3 and 161 0.5 are shown in Fig. 6 and 7, respectively, and summarized in Table 2 . Before the dissuasion of the MIP results, 162 however, It should be pointed out here that much smaller pores need much higher mercury intrusion force, and 163 thus the corresponding pores with diameter equal or less 5 nm could not be detected precisely [29] . 164 specimen with 1% chloride ion is 77.07 nm. It could also be seen from Fig.7(b) that the probable pore size ofare 0.09 (ml/g) and 77.10(nm), which are much smaller than those of 0.14 (ml/g) and 124.81 (nm) of the cement 178 paste without chloride ions. In other words, an increase of chloride ion does refine the pores of a cement paste. 179
However, Table 2 also shows that an increase of chloride ions increases the total pore area of both cement paste 180 with the water to cement ratios of 0.3 to 0.5 from 6.75 to 10.59 m 2 /g and from 12.85 to 20.37 m 2 /g, respectively. 181
Hence, an increase of chloride ions in a cement paste does refine its porous characteristic, mitigate its carbonation 182 rate and eventually improve durability of a concrete structure. 183
In order to better exhibit the effect of chloride ion on porous refinement of a cement stone, the three dimensional 184 reconstructed images of the porous structures of two cement pastes, one without chloride and another with 1.0% 185 chloride ion were developed using VG Studio Max 2.1 software and 3D defects analyzing module, as shown in 186 
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